The FANTOM5 consortium used cap analysis of gene expression (CAGE) to analyze the time course of gene expression over development from 11 days postcoitum (dpc) to adult in 16 developing organs and the whole body of the mouse. Every tissue in the body contains a large number of resident macrophages that initially infiltrate the embryo from the yolk sac. These cells contribute to organogenesis, and their functions diversify during development as they acquire tissue-specific adaptations. In each of the FANTOM5 time courses, the expression of known macrophage-specific genes, including CSF1 receptor (Csf1r), epidermal growth factorlike module-containing mucin-like hormone receptor-like 1 (Emr1), and mer receptor tyrosine kinase (Mertk), was readily detectable and increased with time. We reasoned that genes expressed by macrophages would be strongly correlated in their expression with these known markers and might vary between tissues. We used the network analysis tool, Miru, to extract the sets of coexpressed genes from the time course and identified a core set of coexpressed genes attributable to embryonic macrophages, including some, such as dehydrogenase/ reductase 3 (Dhrs3), that may have unique functions in development. The FANTOM5 data also detected the appearance of tissue-specific macrophage-expressed genes, such as T cell Ig and mucin domain-containing 4 (Timd4) and V-set and Ig domain-containing 4 (Vsig4) in liver and sialic acid-binding Ig-like lectin 5 (Siglec5) in lung, and confirmed that macrophage content increases with time in each organ as the proliferative phases end, and tissue-specific gene-expression increases. The FANTOM5 data are available on a comprehensive browser (http://fantom.gsc.riken.jp/zenbu/), which provides a resource for the study of macrophage transcriptional regulation and roles in mouse development.
Introduction
Every tissue in the body contains a large population of tissue resident macrophages [1] [2] [3] [4] . During the development of the vertebrate embryo, macrophages are first formed in the yolk sac and rapidly infiltrate the embryo via the developing vasculature. The early embryonic phagocytes are distinct from adult macrophages in their expression of a number of key receptors, in their independence of the macrophage-restricted transcription factor PU.1 (also known as SPI1) [5] , and in the fact that they do not apparently arise through a classic monocyte intermediate [6, 7] . As definitive hematopoiesis is established in the liver, a distinct set of phagocytes, the monocyte-macrophage of the adult, is formed [5, 7, 8] . Recent studies have suggested that these definitive macrophages are derived from an erythromyeloid progenitor formed in the yolk sac, which migrates to the fetal liver and gives rise to circulating blood monocytes [9, 10] . With some exceptions, notably the intestine and skin, once fetal liver-derived macrophages have colonized all of the tissues of the body during organogenesis, their numbers are apparently maintained mainly through local self-renewal, independent of inputs from blood monocytes derived from definitive HSCs [11] . HSCs express the receptor FLT3, which is not detected in the fetal liver. A FLT3-dependent lineage trace suggests that adult macrophages in most organs are a mixture of cells derived from FLT3-positive HSCs and FLT3-negative progenitors [12] .
Macrophages occupy a specific niche in each tissue and adapt to that niche to perform specific functions, for example, as Langerhans cells (skin), Kupffer cells (liver), microglia (brain), and osteoclasts (bone) [1, 3, 11, [13] [14] [15] . Different tissue macrophage populations depend on specific transcription factors, distinct from lineage-specific factors, such as PU.1 and C/EBP family members. Notwithstanding debate about their relative contribution to renewal of resident tissue macrophage populations in the steady state, monocytes derived from definitive BM progenitor cells are able to fill a vacant macrophage niche and are indistinguishable from the resident cells [16, 17] . In the chick, adult BM cells transplanted into an embryo before the onset of definitive hematopoiesis can contribute to all of the adult tissue macrophage populations [18] .
The homeostatic regulation of macrophage numbers depends on the availability of the growth factors CSF1 and IL-34, which signal through the CSF1R [19, 20] . In the mouse, mutation of the Csf1r gene or the genes encoding its ligands CSF1 and IL-34 greatly reduces tissue macrophage numbers [19] , as does anti-CSF1R treatment of adult mice [21] . The expression of Csf1r mRNA in the embryo and in adult mice is restricted to macrophage lineage cells. The localization of Csf1r mRNA by whole-mount in situ hybridization was used to assess the appearance of embryonic phagocytes in the mouse yolk sac and the subsequent onset of monocytopoiesis in the liver [5, [22] [23] [24] . Subsequently, Csf1r-EGFP reporter mice were used to localize and characterize macrophages in the developing mouse embryo [24] [25] [26] , and conserved elements from the same locus were used to generate reporter chickens [27] and sheep [28] . Transgenic mice in which the Csf1r promoter drives constitutive or inducible Cre have been used in lineage trace studies to track the appearance of macrophage progenitors [29] .
The enormous number of macrophages in the developing mouse and chick embryos by midgestation is highlighted in whole-mount imaging of transgenic reporter lines [24, 26, 27] . Recently, Mass et al. [4] have proposed that the commitment to tissue-specific macrophage phenotypes occurs early in organogenesis. Much of their data depend on the isolation of macrophages following enzymatic digestion of the embryo and FACS separation of subpopulations based on expression of surface markers or a Csf1r-driven, Cre-dependent fluorescent reporter. The FANTOM5 consortium has produced transcriptome analysis of the time-course of development of multiple organs of the mouse embryo using CAGE (genome-scale 59 RACE) [30, 31] . We reasoned that the number of macrophages in most developing organs is so great that it would be possible to detect expression of macrophage-associated transcripts in total mRNA and use cluster analysis [32, 33] to extract the temporal signatures of Csf1r-expressing macrophages from the total RNA profiles of each organ. Here, we show that this is indeed the case. The FANTOM5 data enabled an analysis of the likely identity and source of growth factors and chemokines in the embryo. Furthermore, comparison of the profiles of a wide range of developing tissues to the profile of pure CSF1-dependent BMDMs enabled the identification of a core embryonic macrophage transcriptome.
MATERIALS AND METHODS

The datasets
The time courses examined include whole-body (E11-N10), cerebellum (E11-adult), eyeball (E12-adult), forelimb (E11-18), heart (E11-N30), intestine (E11-adult), stomach (E12-adult), kidney (E11-N30), liver (E12-adult), lung (E12-adult), spleen (E16-adult), adrenal (E14-adult), pancreas (E14-adult), pituitary (E12-adult), skin (N0-adult), testis (E13-adult), and thymus (E14-adult). The most detailed time course, with triplicates of each time point, was of cerebellum. The FANTOM5 Semantic Catalog of Samples, Transcription Initiation and Regulators website (http://fantom.gsc.riken.jp/5/sstar/Main_Page) reports that samples of each tissue were pooled from C57BL/6J mice of mixed sexes (except for testis). Further description of the embryonic samples is available in earlier FANTOM publications [34, 35] . The FANTOM5 dataset also includes neonatal and adult samples from many other tissues, as well as multiple isolated cell populations and time courses of cell activation [30, 31] . We used the unstimulated controls from an extensive study of the activation of BMDMs grown in CSF1 [36] to provide a comparator and to identify macrophage-specific genes. All of the data can be viewed on the ZENBU genome browser (http://fantom.gsc.riken.jp/Zenbu), and all expression profiles of individual genes mentioned in the text can be viewed on that site by entering the gene name in the search box (see Figs. 1 and 3 ).
Network visualization and cluster identification
CAGE sequencing data were downloaded from the FANTOM5 datasets, using the FANTOM5 Table Extraction Tool (http://fantom.gsc.riken.jp/5/tet/). The list of samples with accession details is available in Supplemental Table 1 . Expression levels for all promoters at each available time point for each tissue were used to create .expression files for analysis by the network visualization tool Miru (http://kajeka.com/miru/). The results for the 4 BMDM samples were averaged, as were the triplicate values for cerebellum. Single samples were available for the time points in other tissues. All transcripts where the maximum value in the BMDM samples was ,10 TPM were removed from the analysis. Tissue-specific .expression files were then prepared, which included the averaged BMDM result, plus results for all time points for that tissue. All transcripts where the maximum value in the specific tissue was ,1 TPM were removed. These tissue-specific .expression files were entered into Miru. Pairwise correlation coefficients were calculated for each pair of transcripts and used to create a network layout. The threshold correlation coefficient for entry into the analysis, number of nodes, and number of edges in the analysis is shown in the summary sheet in Supplemental Table 2 . Clustering was performed using the Markov Cluster Algorithm (MCL) at an inflation value of 2.2 for all samples. The largest cluster in each case contained transcripts for macrophage markers Csf1r and Emr1 [now renamed adhesion G proteincoupled receptor E1 (Adgre1)], encoding the macrophage-specific surface marker F4/80.
Development of the core macrophage transcriptome
For each tissue, Cluster001, the largest cluster, contained transcripts for Csf1r and Emr1. The gene lists of this macrophage cluster from each tissue were examined for transcripts that appeared in all tissues using the Venn diagram program Venny v2.1 (http://bioinfogp.cnb.csic.es/tools/venny/).
Tissue-specific macrophage gene expression
An additional analysis to identify macrophage transcripts not expressed in BMDMs was made using the most highly expressed promoter for each gene (p1@Gene). The analysis was performed for intestine, lung, stomach, and cerebellum, and the BMDM sample was not included in the analysis. Transcripts where p1@Gene was ,1 TPM were removed. The network analysis was performed at R $ 0.85 with an MCL inflation value of 2.2.
RESULTS AND DISCUSSION
The time points and sets of tissues analyzed by CAGE sequencing by the FANTOM5 consortium include extensive time courses of multiple tissues during development from ;11 dpc (or E11) to N16 and adulthood. Thus, the time courses begin shortly after the time (E9.5-10) when monocyte production in the liver commences. Subsequent time points cover the period when tissue macrophage numbers, detected by in situ hybridization of Csf1r mRNA or Csf1r-EGFP transgene expression, start to escalate rapidly [5, [24] [25] [26] .
The ZENBU browser permits the identification of TSS, and the relative use of different sites (named as p1@Gene, p2@Gene, etc; [30, 31] ) in all of the samples can be easily determined. The browser also shows the location of active enhancers, detected based on bidirectional promoter activity [37] . Figure 1 shows a screen shot of the ZENBU browser for the Csf1r locus, showing the location of the major macrophage-specific TSS and a number of enhancers, including FIRE, which is essential for expression of Csf1r reporter genes [24, 26, 27] . CAGE detection of enhancers for macrophage-specific loci, such as Csf1r, Emr1, C1qa, C1qb, C1qc, Sfpi1 (PU.1), and Mertk, displayed on the ZENBU browser, generally confirms the location of active intragenic and distal enhancers discovered based on histone modifications and chromatin immunoprecipitation-sequencing for known macrophage transcription factors for each of these loci [2, 3] .
The FANTOM5 data for the Csf1r locus shown in Fig. 1 confirms and locates in the region between the major macrophage TSS of Csf1r and Pdgfrb the existence of numerous TSS [the core proximal regions labeled p2, -3, -4, -5, -6, -7, and -8 on the promoter track on ZENBU (not shown)] and alternative first exons for Csf1r, expressed in placental trophoblasts [25] . p9@Csf1r is selectively detected in bone, consistent with evidence of an osteoclast-specific Csf1r TSS in this location [38] . Interestingly, as highlighted in Fig. 1 , there appears also to be an alternative TSS expressed in the lung and several other tissues, as well as the placenta, and up-regulated in the immediate postnatal period. The location corresponds to a peak of binding of transcription factor PU.1 and enhancer-associated chromatin marks in macrophages Freeze shows a histogram of the CAGE tags across the entire dataset. If an individual peak is highlighted, then expression in every library is displayed as a table. On the ZENBU site, it is possible to create displays of subsets of data. This image shows a separate track for the lung time course, with an upstream peak of initiation highlighted (labelled p@Chr18:61256441-61256454 on the ZENBU promoter track) and the table below showing the time course of increased activity from this TSS. [2] and is likely to be a distal enhancer that is specific to tissue macrophages. Figure 2 shows the time course of appearance of Csf1r in each of the developing tissues assessed, derived from the ZENBU browser. In the whole body, Csf1r mRNA was detected at the earliest time point analyzed and increased steadily across the time course. In individual organs, the temporal profile varied. The highest levels of Csf1r mRNA were in liver, spleen, intestine, and lung, where they approached 10% of the level in pure BMDMs. In the cerebellum and pituitary, which were the only CNS tissues profiled, Csf1r was detected at the earliest time point (E11 or E12, respectively) and was relatively constant thereafter until a postnatal surge in the cerebellum, consistent with much earlier studies on microglial expansion in the postnatal period [39] . In general, the profile of Emr1 detection paralleled that of Csf1r but with some variation in level relative to Csf1r. For example, Emr1 was readily detected in liver, lung, and spleen but relatively much lower in the intestine and only just detectable in the cerebellum (see ZENBU browser).
Two other genes that are highly expressed and macrophage restricted (C1qa and Mertk) were generally expressed in parallel with Csf1r. Their profiles can be examined individually on the ZENBU browser. C1qa was contained with the same coexpression cluster as Csf1r and Emr1 in all tissues, whereas Mertk was less tightly correlated (see below). These initial observations confirmed that the abundance of macrophages in all embryonic tissues, from ;10.5 dpc, is sufficient to enable detection of macrophage-specific gene-expression profiles in total RNA.
The source of growth factors for macrophage development CSF1R signaling is required for macrophage development in the mouse embryo. Treatment of the mother with anti-CSF1R at 6.5 dpc ablated subsequent development of tissue macrophages from E10.5 to E14.5 but did not reduce the circulating monocyte concentration [9] . Anti-CSF1R treatment also depletes tissue macrophages in adult mice, without depleting blood monocytes [21] . The results in the embryo were interpreted as evidence that myb-dependent fetal liver monocytes, rather than yolk sac-derived macrophages, give rise to most adult tissue macrophage populations, by contrast to earlier claims [29] that Table 2 . Light gray, Embryonic samples; mid gray, neonatal samples; dark gray, adult sample. Line (right axis) shows the value for Csf1r expression at each time point, taken from the ZENBU browser (total RLE normalized TPM across the whole gene). ascribed a greater role to a myb-independent yolk sac progenitor population. In developing chick embryo, injection of recombinant CSF1 produced a massive expansion of the embryonic macrophage population [18] , indicating that the availability of CSF1 is limiting.
The source and time course of expression of growth factors underlying the generation of macrophages in the embryo, including CSF1 and IL-34, have not been examined previously in detail. The earliest studies detected Csf1 mRNA by RNase protection in the E16 brain [40] , but much higher concentrations were detected in the pregnant uterus, where the gene appears to be hormonally regulated [41] . Examination of the entire FANTOM5 mouse transcriptome dataset on the ZENBU browser revealed that Csf1 mRNA was most highly expressed in mesenchyme-associated cells, including cardiac myocytes, and in isolated astrocytes. It was detectable in most embryonic tissues at the earliest time points and increased during development. However, consistent with published data [41] , Csf1 mRNA was 100-to 1000-fold higher in a pregnant uterus sampled at E19. Accordingly, it seems likely that most of the CSF1 for macrophage growth in the embryo is derived from transplacental transmission from the mother. This may be part of the reason that the Csf1r 2/2 in mice produced a more severe phenotype than a mutation in the ligand Csf1 [42] .
As might be expected from the selective impact of the Il34
genotype in mice on microglia and Langerhans cells of the epidermis [43] , Il34 mRNA was detected in adult brain (and in region-specific neuron populations and astrocytes) and in skin. Figure 3 shows a screen shot of the ZENBU browser for the Il34 locus. The CAGE data in Fig. 3 revealed that at least 3 separate promoters are used to initiate Il34 transcription in a tissue/cell type-specific manner (summarized in Table 1 ); these promoters are conserved in the corresponding human dataset, which is shown as a separate track in the browser (Fig. 3 ). The image also shows the location of candidate distal enhancers. Previously, Il34 expression has been detected in other locations, including kidney and testis, based on an Il34-lacZ reporter [43] . Il34 expression was also detected in many of the organspecific time courses in the FANTOM5 data but only after birth (see the ZENBU browser). Hence, IL-34 is unlikely to contribute to macrophage development in the embryo. An exception is the lung, where Il34 expression was detected and increased in parallel with Csf1 and Csf2 (GMCSF) from ;E15. The Il34-lacZ reporter was not expressed in cerebellum [43] , and indeed, Il34 was undetectable in that location in the FANTOM5 CAGE data. Il34 was detected at high levels in neonatal skin but was absent from neonatal cortex striatum, where it was highly expressed in adults (see ZENBU browser).
A requirement for IL-34 in the postnatal period could explain why the brain phenotype in the Csf1r 2/2 mouse develops postnatally [19] . In isolated cells in the FANTOM5 data, Il34 was detected at high levels in astrocytes and Schwann cells, which are neuronal-supporting glial cells, but undetectable in cortical neurons. Unfortunately, oligodendrocytes-another glial cell type-have not been separately profiled in this dataset. The FANTOM5 data also reveal the existence of a strong antisense promoter in the Il34 locus at the 39 end of the neighboring Mtss1l gene, which is generally inversely expressed with Il34 across the entire dataset (lower panel in Figure 3 ). Among other candidate growth factors for macrophages and their progenitors in the embryo, expression of stem cell factor (Kitl) and its receptor (Kit) was detected at the earliest time point in every organ and increased to substantial levels with time (see ZENBU browser). KITL is likely to drive the expansion of the KIT + yolk sac-derived macrophage progenitors [9] . Csf2 transcription was detected only in the lung, from ;E17 (see ZENBU browser), in keeping with its known role in lung macrophage development in the perinatal period [44] . The other candidate regulator of macrophage development is VEGFA, which was detected at the earliest time points in every tissue and increased with time. Expression of the gene encoding the VEGFA receptor Flt1 also increased with time in every time course (see ZENBU browser). Although VEGFA/ FLT1 signaling primarily contributes to endothelial development, the receptor is expressed in macrophage progenitors [4] and controls macrophage functions in tumors in adult mice [45] . Furthermore, FLT1 signaling contributes to the age-dependent resolution of the osteopetrotic phenotype in CSF1 2/2 mice [46] .
Detection of tissue-specific transcripts and candidate pathways of apoptotic cell clearance
Lavin et al. [3] and Gosselin et al. [47] each described the selective expression of various transcripts in macrophage populations from different organs. For several tissue-specific macrophage markers, the FANTOM5 data provide an indication of when they are expressed and also locate their transcript start sites and enhancers, complementing the extensive data derived from separated cells [3, 47] . They also provide an indication of the level of specificity across a much greater diversity of tissues. Figure 4A shows the contrasting time courses of expression of genes for Kupffer cell markers Clec4F and Vsig4, which were extremely liver specific and appeared relatively late in development, and the phagocytic receptors Timd4 and Marco, which were expressed quite early but did not peak until well after birth. Figure 4B shows the time course of expression of lung macrophage-specific markers Car4, Siglec5 (also known as Siglecf), and Itgax in the lung, where each was enriched relative to all other embryonic tissues. The transcription factor gene Spi-C, shared by splenic macrophages and Kupffer cells, was indeed detected in spleen and liver, increasing with development (see ZENBU browser). Timd4 expression is of special interest, as the protein is implicated in phagocytosis of apoptotic cells [48] -a major function of macrophages in embryonic development [7, 49] . There is some evidence that in macrophages, TIMD4 requires MERTK for optimal internalization of apoptotic cell bodies [48] . However, the Timd4 2/2 mouse does not have major developmental abnormalities; the consequences of the deletion appear to be restricted to the immune system [50] . In adult tissues, Timd4 gene expression was highest in lymph node, liver and spleen (see ZENBU browser). In most time courses, Timd4 mRNA was either undetectable (eyeball, cerebellum, pituitary, forelimb, kidney) or was only detectable at low levels in the postnatal samples (lung, stomach, testis, heart, pancreas). The exceptions (aside from liver) where Timd4 was detectable in the embryo were thymus and intestine. These data suggest that TIMD4 is not the major receptor for apoptotic cells in embryonic macrophages. A specific location in which macrophage-mediated phagocytosis is clearly prevalent is the developing limb bud, where macrophages infiltrate between the digits to clear dying cells, Sorted according to level of expression. As noted in Fig. 1 , expression of individual promoters can be extracted by highlighting the region on screen.
from around E12 [5, 24, 25] . The forelimb was profiled between E11 and E18 and because of the limited number of time points, is not shown in Fig. 2 . Nevertheless, within that time course, genes encoding several known mediators or regulators of apoptotic cell recognition increased from E12 to E18, in parallel with expression of the macrophage markers Csf1r and Emr1. They include Cd36, C1qa, C1qb, C1qc, Apoe, Lgals9 (encoding galectin 9), Mrc1 (mannose receptor C type 1, Cd206), and Icam1 (see the forelimb time course on the ZENBU browser for each individual locus). Therefore, there is likely to be considerable redundancy in the clearance mechanisms.
Cluster analysis of the FANTOM5 expression profiles of mouse development and BMDMs
The network visualization and analysis tool Miru (derived from BioLayout Express 3D ; http://kajeka.com) [51] was used to identify coexpressed clusters of genes in each of the time courses. Initially, we clustered each time course with BMDMs as a comparator. Figure 5 shows the network graphs for the clustering of the whole-body data and a subset of major organs, together with the BMDMs. In each case, there is a set of clusters of genes with average profiles that increase and another set with average profiles that decrease with time. The former has the most links to the macrophage-enriched set, and the latter has minimal or no links to the BMDM profile. In other words, there is a substantial set of macrophage-expressed genes that increases with time in every data set.
Supplemental Table 2 presents the gene lists derived from the first approach (clustering in the presence of the BMDM sample) for each of the tissues profiled, as well as the whole body. Consistent with the visual presentation in Fig. 5 , in each case, there is 1 substantial cluster (the largest cluster) in which the average profile was high-level expression in the BMDMs, detectable expression in the tissue at the earliest time point (E11, 12, or 14) , and in most cases, increasing expression with time of embryonic and postnatal development. The expression at the earliest time in every case was consistent with the very large numbers of macrophages known to be present already throughout the body by E11/12 [24] . Overall, the averaged expression of the macrophage-profile promoters at their highest levels in tissues was 10-to 20-fold lower than in the BMDM sample, which suggests that macrophages contribute 5-10% of the total mRNA. Figure 2 shows the average expression of genes in these macrophage clusters of each tissue, overlaid with the expression profile of Csf1r. The minimum average value in each tissue varied from 3.1% of the value in BMDMs (intestine) to 11.5% (spleen). The maximum value in each tissue varied from 5.5% of the BMDM level in testis to 15.1% in spleen. The greatest range in average macrophage marker expression was seen in the intestine (2.9-fold), and the smallest range in the thymus (1.2-fold). These figures show that there was a clear tissue-specific signature related to the changing numbers of macrophages during development in all of these tissues. Note also that the time course of the averaged expression of the transcripts that make up the signature does not correlate perfectly with Csf1r, which is itself regulated by multiple stimuli, including its ligands, CSF1 and IL-34 [52, 53] . The curve is also somewhat smoother, in part, as it compensates for the intrinsic noise of tag-based expression profiling.
The set of transcripts that makes up the macrophageassociated cluster is idiosyncratic to the specific tissue for 2 reasons: 1) some macrophage-expressed transcripts are also expressed by other cell types with a different developmental profile in individual tissues and so, do not fall within the macrophage-specific cluster, and 2) as noted above, some macrophage transcripts are differentially expressed in different tissue macrophage populations or fall below the limits of detection in some tissues because of differences in the relative abundance of macrophages. The first category includes most of the lysosomal enzymes and components of the endocytic pathways that are clearly enriched in active phagocytes [33] but are also expressed at lower levels in many other cell types that may be more numerous in the tissue. The lysosomal enzymes and all of the subunits of the vacuolar ATPase proton pump were within the macrophage clusters in most, but not all, tissues (for example, in heart, but not intestine).
Identification of a common macrophage signature
We next identified the set of genes that was common to all of the macrophage-enriched clusters. The resulting set of ;120 genes (including some with .1 promoter) includes the transcription factor genes Sfpi1 (encoding PU.1), transcription factor e3 (Tfe3), Irf5, Irf7, Atf3, and many known macrophage markers, including Csf1r, Emr1, Cd68, signal-regulatory protein a (Sirpa), and Fcgr1 (CD64). As noted above, in each case, the ZENBU browser offers a view of candidate macrophagespecific enhancers in the vicinity of the gene of interest. Supplemental Table 3 annotates the common embryonic macrophage list with selected literature on the likely functions. The list includes 2 chemokine genes-Ccl3 and Ccl9-which could contribute to the migration of macrophages into tissues during embryonic development. Ccl9 was the more highly expressed and readily detectable; it increased with time in all of the time courses. Ccl9 is coregulated in macrophages with Ccl6 by the steroid receptor retinoid X receptor alpha [54] , and Ccl6 also increased with time in most tissues. Although it was not part of the macrophage-associated cluster, transcription of another chemokine gene (Cx3cl1), the product of which interacts with the macrophage-expressed receptor CX3CR1, was also readily detectable and increases with time in most of the time courses (see ZENBU browser).
Some of the genes in the common embryonic macrophage profile were not reported previously to be macrophage enriched. One example is the enzyme short-chain dehydrogenase/ reductase 3 encoded by Dhrs3, which modulates the availability of the critical morphogen, all-trans retinoic acid. The enriched expression of Dhrs3 in BMDM is confirmed in the BioGPS dataset, available at http://biogps.org. Dhrs3 2/2 embryos die late in gestation with multiple developmental defects [55] . Interestingly, macrophages do not express the synthetic enzyme, retinol dehydrogenase 10, which is purported to interact with Dhrs3 [56] . The 2 genes were discordantly regulated in all of the time series (see ZENBU browser). We speculate that the infiltration of macrophages could contribute to switching off morphogen signals in organogenesis.
Another novel gene about which little is known is Gas7, which was previously implicated in a macrophage transcriptional network associated with obesity [57] . Gas7 was selectively expressed in mature cerebral cortical, hippocampal, and cerebellar neurons [58] , but the FANTOM5 data revealed a much stronger macrophage-specific expression (see ZENBU browser), which is supported by previous functional clustering of data on BioGPS (http://biogps.org) [33] . Gas7 is retained in adult microglia in both the FANTOM5 and BioGPS datasets, which might provide an alternative explanation for the neuronal/motor impacts of a Gas7 mutation in mice [59] . GAS7 interacts directly with F-actin to enhance actin polymerization and likely interacts with other macrophage-enriched regulators of the cytoskeleton, including Arp2/3 complex components (ARPC2, ARPC3) and capping actin protein of muscle Z-line alpha subunit 2, with which it was coexpressed [33] .
One other feature of the list in Supplemental Table 3 is the presence of multiple genes (caspase recruitment domain family member 19, C1q, Dnase1l1, Dnase2a, Tlr7, three prime repair exonuclease 1, X-linked inhibitor of apoptosis 1) encoding proteins that are likely to be involved in recognition, destruction, and cytoplasmic signaling, arising from internalization of apoptotic cells, which is a major function of macrophages in embryonic development [49] . As noted above, compared with other isolated cell types, macrophages are strongly enriched for the expression of lysosomal enzymes and components of the vacuolar ATPase complex [33] . Many of the embryonic macrophage-enriched genes are annotated with functions in the regulation of endocytosis, but the only lysosomal enzymes within the embryonic macrophage cluster are the cathepsins, implicated in antigen processing: Ctsb, Ctsd, Ctss, and Ctsz [60] . The lysosomal cathepsins are involved in the initiation of apoptosis [61] but may also act as effectors secreted by macrophages to initiate programmed cell death [62] .
Identification of tissue-specific macrophage gene expression
To identify genes that showed a tissue-specific expression profile, the most highly expressed promoter for each gene (p1@Gene) was clustered in the absence of the BMDM data for several time courses. Supplemental Table 4 contains a cluster analysis, including GO term enrichment, for the time course of development in liver, lung, and intestine, excluding macrophages as a comparator. The summary sheet in Supplemental Table 4 describes the numbers of nodes and edges for these analyses. In the liver, the largest cluster of coexpressed genes (Livercluster001) contains the genes for liver-specific transcription factors Hnf1a and Hnf4a and numerous known liver-specific genes, including serum albumin (Alb). Enriched GO terms were mainly concerned with metabolic pathways. The average expression of these genes increased from E14 onward and continued to increase up to neonatal day 30 (N30). In Livercluster002, the average expression peaked at ;E17 and then declined rapidly to low levels by N10. This cluster contains numerous cell cycleassociated genes, including the cyclin-dependent kinases (Cdk genes), the E2 transcription factor (E2f) and Forkhead box m1 transcription factors (Foxm1), and proliferating cell nuclear antigen (Pcna). Consistent with this, enriched GO terms were mainly concerned with cell division.
As an overview, these 2 clusters are concerned with the proliferation and subsequent differentiation of hepatocytes. However, Livercluster001 also contains the Kupffer cell-specific genes, Clec4F and Vsig4, indicating that expression of these genes in the liver parallels the development of mature hepatocytes. There were also 2 large myeloid-related clusters that had quite distinct expression patterns, both enriched for GO terms associated with immunity. Livercluster003 peaked at N10 and declined thereafter, most likely because the hepatocyte contribution to the overall liver-expression profile continued to expand. It contained many of the macrophage-enriched transcripts encoding surface markers noted above, including Csf1r and Emr1, and many others, including the key transcription factors Maf and peroxisome proliferator-activated receptor gamma (Pparg). Expression in a second myeloid cluster, Livercluster004, rose rapidly from E12, peaked at E17, and then declined after birth. This cluster contains the GM-CSF receptor (Csf2ra) and G-CSF receptor (Csf3r) genes and markers of immature myeloid cells and granulocytes, S100a8 and S100a9 [23] , monocyte markers lymphocyte antigen 6 complex, locus C2 (Ly6c2) and Itgam, and transcription factors Sfpi1 (PU.1), basic leucine zipper transcription factor, ATF-like (Batf), E74-like factor 1 (ets domain transcription factor; Elf1), and C/EBP epsilon (Cebpe). The appearance of S100A8/A9 in the liver has previously been detected by in situ hybridization as early as 10 dpc and correlates with the onset of definitive hematopoiesis [23] . Many of the genes in this cluster are likely to be expressed in proliferating myeloid progenitors.
In the small intestine, the largest cluster (Intestinecluster001) also showed a progressive decrease in average expression through development to a basal level at the time of birth. It contains cell-cycle genes alongside numerous transcription factors, including multiple members of the Hox, Sox, and Cbx transcription factor families, known to be implicated in intestinal differentiation. Enriched GO terms include cilial biogenesis, as well as cell cycle. Macrophage-expressed marker genes (Csf1r, Csf12ra, Itgam, Emr1, and Mertk) were all contained within Intestinecluste002, the average expression of which peaked at birth, with a secondary peak at N25, possibly associated with weaning. This cluster also contains numerous intestine-specific genes, including the mucins (Muc3, Muc13) and the Paneth cell marker (Lyzp). Our interpretation is that macrophage infiltration parallels the cessation of the proliferative phase and expression of genes associated with intestinal differentiation.
In the lung, by contrast, all of the macrophage-associated genes were contained within the largest cluster, Lungcluster001, which included ;4800 promoters, the average expression of which increased throughout the time course until adulthood. Enriched GO terms were mainly concerned with immunity. Because of the high relative abundance of macrophages in the lung, many more immune-related genes could be detected readily in total RNA from this tissue, including multiple Tlr, Clec, and Fcgr and scavenger receptor genes. As in the intestine, macrophage-specific genes in the lung and also those genes that are specific to lung macrophages (Siglec5, Car4, Itgax) were coexpressed with lung-differentiation markers; for example, all of the surfactant protein genes (Sftpa1, Sftpb, Sftpc, Sftpd) were within Lungcluster001. In this tissue, the second-largest cluster contained all of the cell cycle-associated genes, and as in the liver and intestine, the average expression declined with time.
CONCLUSIONS
Our analysis highlights the way in which coexpression signatures can be extracted robustly from large datasets in which the relative content of different cell types changes with time or state. The use of the approach depends on having large datasets, where the statistical correlations in expression of any 2 genes are robust, and deep sequencing to detect the expression of genes in a relatively small subpopulation of cells. The predicted embryonic macrophageexpression profile extracted from the data is very strongly internally validated by the presence of many known macrophage-restricted markers. By contrast to the profiling of embryonic macrophages by RNA sequencing, reported by Mass et al. [4] , our analysis did not require that the cells were isolated, which is likely to alter their gene expression and create uncertainty as to whether all cells survive the isolation procedure; however, it is an average profile. Single-cell analysis with emerging single-cell sequencing approaches may reveal potential heterogeneity among embryonic macrophages within and between developing organs and the expression of genes that are not expressed at sufficient levels to be detected in total tissue mRNA, albeit at considerably greater cost. An advantage of the approach that we have used is that it can be applied to any large dataset, including sets aggregated from different sources. For example, a similar coexpression clustering approach enabled the identification of the tumor-associated macrophage signature from large cancer microarray datasets, as the macrophage content varies greatly among biopsies [63] . We have highlighted only a subset of the insights and information that macrophage biologists can derive from the large FANTOM5 data set for the mouse. The analysis complements the previous use of the corresponding human data set to identify the regulated "myeloidome" [64] . We confirm that macrophages are sufficiently abundant to detect their contribution to total RNA in most developing organs. The data support a model in which macrophage infiltration correlates with the end of the proliferative phase and the onset of organ-specific cellular differentiation and the view that tissue-specific macrophage phenotypes arise early in embryonic development [4] , essentially in parallel with the differentiation of the organs themselves. In many organ systems, for example, the testis [65] , kidney [24] , colon [66] , eye [67] , lung [68] , and pancreas [69] , the correlation between macrophage infiltration and differentiation is known to reflect a direct causal role of macrophages in organogenesis. Analysis of the FANTOM5 data for each organ system could suggest, or at least support, possible mechanisms of interaction. 
